Middle America is affected by tropical cyclones (TCs) from the Eastern Pacific and the North Atlantic Oceans. We characterize the regional climatology (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016) of the TC contributions to the atmospheric branch of the hydrological cycle, from May to December. TC contributions to rainfall are quantified using Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) product 3B42 and TC tracks derived from three sources: the International Best Track Archive for Climate Stewardship (IBTrACS), and an objective feature tracking method applied to the Japanese 55-year and ERA-Interim reanalyses. From July to October, TCs contribute 10-30% of rainfall over the west and east coast of Mexico and central Mexico, with the largest monthly contribution during September over the Baja California Peninsula (up to 90%). TCs are associated with 40-60% of daily extreme rainfall (above the 95th percentile) over the coasts of Mexico. IBTrACS and reanalyses agree on TC contributions over the Atlantic Ocean but disagree over the Eastern Pacific Ocean and continent; differences over the continent are mainly attributed to discrepancies in TC tracks in proximity to the coast and TC lifetime. Reanalysis estimates of TC moisture transports show that TCs are an important moisture source for the regional water budget. TC vertically integrated moisture flux (VIMF) convergence can turn regions of weak VIMF divergence by the mean circulation into regions of weak VIMF convergence. We discuss deficiencies in the observed and reanalysis TC tracks, which limit our ability to quantify robustly the contribution of TCs to the regional hydrological cycle.
Introduction
Middle America, a continental region that includes Mexico and Central America, is influenced by various precipitating weather systems that drive the regional hydrology. During the warm season, this region is subject to landfalling tropical cyclones (TCs), which include tropical depressions, tropical storms and hurricanes from the Eastern Pacific and the North Atlantic basins. During September 2013, TCs Ingrid and Manuel simultaneously made landfall in the western coast of Mexico and eastern Mexico, respectively, bringing very heavy rains to a large portion of Mexico and causing deadly mudslides and flash flooding (LeComte 2014). During summer, other weather systems also contribute to rainfall, including isolated thunderstorms, synoptic and mesoscale convective systems associated with the activity of easterly waves (EWs) (Serra et al. 2016; Vigaud and Robertson 2017) . Tropical EWs are synoptic-scale precursors of TCs in both the Northeast Pacific and North Atlantic (Belanger et al. 2016) . Eastern Pacific and North Atlantic vertical wind shear and sea surface temperatures (SSTs) favour cyclogenesis during boreal summer and early autumn (Molinari et al. 2000) .
The influence of TCs on the hydrological cycle has been examined by many studies (e.g. Larson et al. 2005; Jiang and Zipser 2010; Nelson 2013a, b, 2016; Guo et al. 2017; Xu et al. 2017 ). Prat and Nelson (2013b) found that 1 3 8-12% of rainfall are attributable to TCs in the Southeastern United States (US) for inland areas located between 150 and 300 km from the coast and 15-20% along the coast. TCs account for 50-70% of daily accumulations above 100 mm day −1 ( ∼ 4 in day −1 ) along the U.S. Atlantic coast from Florida to New England (Prat and Nelson 2016) . Over the coastal region of Eastern Asia, TCs contribute 10-30% of the monthly total rainfall, and around 50% of the occurrence of extreme daily rainfall [above the 95th percentile] (Guo et al. 2017) . TCs contribute approximately 10% of the total moisture transport to the East Asia coast (Guo et al. 2017) , and 14% to the North American coast (Xu et al. 2017) . Positive global trends in TC-associated rainfall are expected (Kossin 2018) . Only a few studies have evaluated the contribution of TCs to the atmospheric branch of Middle America's hydrological cycle: Larson et al. (2005) found summer TC-related rainfall contributions exceeding 20% along the southwest coast of Mexico, using rain gauge observations. Jiang and Zipser (2010) found that TCs contribute about 55% of yearly rainfall over Baja California, Mexico. Prat and Nelson (2013a) found that near 15% of yearly rainfall over Mexico's Pacific Coast is related to TCs; later, Prat and Nelson (2016) quantified that up to 32% of the precipitation is associated with TCs along the Gulf of Mexico and 50% in southern Baja California; TCs accounted for almost all daily accumulations above 100 mm day −1 over Baja California. Over semiarid regions of Mexico TCs may contribute up to 50% of the seasonal rainfall (Domínguez and Magaña 2018) . To complement these previous studies, we analyse the monthly climatology of the contribution of TCs over Middle America, including the effect of TCs on extreme rainfall. TC contributions to the atmospheric moisture transport and their role in the Middle America's moisture budget have received little attention. In view of such a gap, we develop a climatology of the monthly contribution of TCs to the atmospheric moisture transport over Middle America. Several methodologies for quantifying the contribution of TCs to rainfall (Prat and Nelson 2016; Guo et al. 2017 ) and moisture transport Nelson 2013b, 2016; Guo et al. 2017; Xu et al. 2017 ) employing an Eulerian framework have been developed, which require a set of TC tracks. A variety of TC track datasets are available, including those based on observations, as well as those obtained from objective feature tracking methods applied to reanalysis data.
All sources of TC track data involve uncertainties. For observed tracks, there are uncertainties related to location and intensity, superimposed on operational differences between agencies in TC identification. These uncertainties are greatest for the weakest storms, as well as during the pre-TC and post-TC stages for all storms (Hodges and Emerton 2015) . To fill this gap, TC tracks from reanalyses can complement the observations, providing added value information on earlier and later stages of the TCs life cycle (Hodges et al. 2017) . Hodges et al. (2017) applied their objective tracking method to reanalysis and found that the largest uncertainties in TC identification come from the representation of TC intensities and structure. Differences between reanalyses are expected due to variations in dynamical core and physical parameterizations, the data assimilation methods, as well as their model grid resolution (Hodges et al. 2017) . Previous studies typically have quantified the TC contribution to the hydrological cycle using either observed or reanalysis tracks. To investigate the uncertainty due to the source of TC track data, we quantify TC contributions to precipitation using observed tracks and tracks from two state-of-the-art reanalyses.
In this paper, we characterize the regional climatology of the TCs contribution to the atmospheric branch of the hydrological cycle over Middle America, from May to December, also exploiting the advantages and considering the uncertainties associated with the representation of TCs identified in observations and reanalyses. To achieve this purpose, we quantify the mean monthly rainfall (Sect. 3.1) and extreme daily rainfall associated with TCs (Sect. 3.2), employing and comparing trajectories identified from observations and two reanalyses. We also quantify monthly moisture flux and moisture divergence associated with TCs for these two reanalyses (Sect. 3.3).
Data and methods

Observations
Monthly contributions of TCs at regional scale are computed using satellite rainfall estimates from the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA 3B42) for 1998-2016. Version 7 TMPA 3B42 provides estimates of rainfall for 50 • S-50 • N, at 0.25 • × 0.25 • spatial resolution and 3-h temporal resolution (Huffman and Bolvin 2015) . Historical records of TCs from various official meteorological agencies worldwide, obtained from the International Best Track Archive for Climate Stewardship (IBTrACS) dataset (Knapp et al. 2010) , are used to identify observed TCs. The IBTrACS dataset is a global repository of TC best-track data from Regional Specialized Meteorological Centers (RSMCs) and other agencies around the world, which provides 6-h information for each tropical storm such as its location, intensity, central pressure, among others. The primary data source in the North Atlantic and the East Pacific basins is the Atlantic Hurricane Database (HURDAT; Landsea and Franklin 2013) from RSMC Miami. The HURDAT dataset is already a best-track dataset for the Atlantic basin. TC-related rainfall quantified by using IBTrACS are compared to that quantified by using TC tracks from an objective tracking method (described in Sect. 2.3) applied to two recent global atmospheric reanalysis datasets, (a) the European Centre for Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim; Dee et al. 2011) and (b) the Japanese 55-year reanalysis (JRA-55; Kobayashi et al. 2015) , described below.
Reanalysis datasets
ERA-Interim and JRA-55 reanalyses datasets are used for TC trajectory identification and moisture transport calculations. Six-hourly (0000, 0600, 1200, and 1800 UTC) ERA-Interim variables used in this study include temperature, winds, vorticity (native resolution of T255, ∼ 60 km ), specific humidity on pressure levels, and vertically integrated moisture fluxes and their divergence (regular grid with a resolution of 0.78 • × 0.78 • ). Six-hourly JRA-55 reanalysis variables of vorticity and temperature, winds on pressure levels, and vertically integrated moisture fluxes (all at the original resolution of TL319, ∼ 55 km ) are used in this study; the divergence of JRA-55 vertically integrated moisture fluxes fields are computed using spherical harmonics with truncation T64, employing the windspharm Python package (Dawson 2016 ). An important feature of the JRA-55 is the assimilation of tropical wind retrievals to improve the representation of TC intensity. The wind profile surrounding and over each observed TC centre is retrieved from historical data during the processing and assimilation, in a way that observations are used to simulate data from a dropsonde (Hatsushika et al. 2006; Hodges et al. 2017 ).
TC feature tracking methodology
The objective TC tracking method based on Hodges (1994 Hodges ( , 1995 Hodges ( , 1999 is applied separately to each reanalysis dataset. The method [fully described in Hodges et al. (2017) ] consists on firstly identifying the tropical disturbances using relative vorticiy fields, vertically averaged from 850 to 600 hPa; through the use of a spectral filter (Sardeshmukh and Hoskins 1984) , tropical systems with wavenumbers between 6 and 63 are retained. A second step consists of applying a direct spaceand time-matching criterion between the identified tropical systems tracks from the reanalysis and the observed IBTrACS tracks. This criterion allows matching both tracks when the distance between them is no more than 4 geodesic degrees, at the same time that they overlap in time. Hodges et al. (2017) found that, under this criterion, the probabilities of detection for the Northern Hemisphere for TCs obtained from JRA-55 and ERA-Interim reanalyses that match with IBTrACS and/ or hurricanes category 1-5, are 0.95 and 0.81, respectively. Afterwards, for the detection of a TC, a threshold criterion of vertically decreasing vorticity is applied to the filtered vorticity fields (across 850-250 hPa) to detect the typical warm core vertical structure of a TC. With this objective TC tracking method it is possible to detect the precursor and postextratropical transition stages of the TC, which results in an extended description of the life cycle of the TC compared to observed tracks from IBTrACS (Hodges et al. 2017 ).
Quantifying the contribution of TCs to rainfall and moisture fluxes
A total of 19 TC seasons (from 1998 to 2016) of the Pacific and the Atlantic oceans have been analysed to quantify the contribution of TCs to rainfall. To study the spatial distribution of the rainfall attributed to TCs, the TC season is subdivided into 8 months, from May to December. To investigate the contribution of TCs to rainfall over Middle America, 3-h TMPA 3B42 rainfall within 5 geodesic degrees radius centred over the TC location is identified as TC associated rainfall (e.g. Larson et al. 2005; Jiang and Zipser 2010; Guo et al. 2017) ; the rest of the rainfall is masked as non-TCrelated rainfall. The 5 geodesic degrees radius criterion captures the primary wind circulation domain of the TC, commonly located between 80 and 400 km from the TC centre, as well as part of the TC cloud shield, commonly found at 550-600 km (Prat and Nelson 2013b) . Although the aforementioned TC fixed radius is commonly chosen in TC-related rainfall and moisture transport studies, in some cases this assumption does not capture the full extent of the TC (e.g. Xu et al. 2017 ). Since the temporal interval of the TC position for all the track datasets is 6 h, two consecutive 3 h steps of TMPA 3B42 rainfall are applied to the same TCassociated mask. To investigate the contribution of TCs to extreme rainfall, we first compute the extreme daily rainfall, defined as the frequency of daily events that exceed the 95th percentile of the TMPA 3B42 daily accumulated rainfall for each month and grid point during 1998-2016. A 5 geodesic degrees radius mask centred over the TC location is then applied to the daily rainfall to further obtain the fraction amount (intensity) and fraction count (frequency) of daily extreme events related to TCs. Following the methodology of Guo et al. (2017) , we analyse the contribution of TCs to the regional monthly moisture transport over Middle America for a total of 38 TC seasons (from 1979 to 2016), employing the horizontal wind (v) and the specific humidity (q) fields of the 6-h ERA-Interim and JRA-55 reanalyses. Time means of v and q refer to monthly climatologies of horizontal wind (v) and specific humidity (q) , respectively, over 1979-2016. Moisture flux fields (derived from v and q) are decomposed into time-mean and eddy (deviation from the time-mean) terms, following the equation:
where vq represents the total moisture flux field. The deviations from the time-mean values (eddies) of the wind field and the specific humidity are represented by the terms v � = v −v and q � = q −q , respectively. The eddy component terms related to TCs of Eq. 1, v ′ TC and q ′ TC , are obtained using the criterion of 5 geodesic degrees radius mask centred over the TC location, applied to the 6-h eddy wind field v ′ and to the eddy specific humidity field q ′ , respectively. The total moisture flux (vq) at each pressure level is subdivided into the transport of mean moisture by the mean horizontal wind (vq) , the moisture transport by non-TC eddies (vq) � non−TC , and the moisture transport by TC eddies (vq) � TC , the latter represented by the equation:
where the first term of the right-hand side of Eq. 2 represents the transport of TC eddy moisture by the mean horizontal wind ( vq ′ TC ), the second term represents the transport of mean moisture by the TC eddy horizontal wind ( v ′ TCq ), and the third term represents the transport of TC eddy moisture by the TC eddy horizontal wind ( v ′ TC q ′ TC ). A subsequent analysis of the contribution of TC on the water balance for the region uses vertically integrated moisture flux (hereafter VIMF) divergence fields from ERA-Interim and JRA-55 reanalyses, integrated throughout the atmospheric column. The VIMF divergence field relates the mean balance of evaporation ( Ē ) and precipitation ( P ): divergence means that, in the long term, evaporation exceeds precipitation ( Ē −P > 0 ), indicating a source of water vapour to the atmosphere from the region. The sinks of atmospheric water vapour are identified as regions of VIMF convergence where precipitation exceeds evaporation ( Ē −P < 0).
Results
Contribution of tropical cyclones to the mean accumulated rainfall over Middle America
From the observed tracks (IBTrACS), the contribution of the TCs to the monthly mean rainfall over the continent is more noticeable during June, and August to October (Fig. 1) , being larger over the southeast coast of the US, and the Mexican west and east coasts during September, followed by the central/southern Mexico and Central America during October. From mid-August to late October, the Eastern Pacific Ocean and the North Atlantic (Gulf of Mexico and the Caribbean) show a peak in TC activity (Gilford et al. 2017; NHC 2018) and with more frequent landfalls than in other stages of the hurricane season (e.g. Prat and Nelson 2013b) . The simultaneous increase in TC activity in both basins affects a wide portion of the south and centre of Mexico, mainly during October, when North Atlantic and
Eastern Pacific TCs together contribute about 10-20% of the monthly-accumulated rainfall (Fig. 2) . The largest climatological contributions of TCs to the accumulated rainfall over the Gulf of Mexico, the east coast of Mexico, and the US southeast coast are found during September, with about 10-20% of the monthly rainfall (Fig. 2) . The effect of TCs on the regional rainfall extends along the Gulf Coastal Plain, which reaches from eastern to northeastern Mexico through the Yucatan Peninsula, continues along Tabasco and Veracruz to Tamaulipas, and extends around the Gulf of Mexico in the Southern US. Our results suggest that the effect of the Atlantic TCs on precipitation is in part constrained by the orographic features of the region, with the largest contribution over the Gulf Coastal Plain. During the majority of the months analysed, the contributions of TCs to the rainfall over the southern portion of Mexico's coastline are between 10 and 20% of the total precipitation, covering almost the entire Yucatan Peninsula. Throughout July, August and September, rainfall associated with the Atlantic TCs extends further north within the domain of Middle America, having a noticeable effect inland, contributing 10% of rainfall over the northeast of Mexico in the states of Tamaulipas and Nuevo Leon (beyond 200 km inland), especially over portions of land below 1500 m altitude.
In climatological terms, the eastern North Pacific is the most active ocean basin for the genesis of TCs, per unit area and time (Molinari et al. 2000) . East Pacific TCs have an important effect on the summer rainfall of continental Middle America. The TC-related rainfall over the west coast of Mexico is strongly influenced by the presence of the Sierra Madre Occidental, Mexico's longest mountain range, which stretches 1100 km through North-western and Western Mexico. The results show a pattern of TC-related rainfall that extends along the coast next to the Gulf of California and the Gulf of Tehuantepec. Over this large continental area, the largest contribution of TCs to climatological rainfall occurs during the last three months of the TC season. TCs account for between 10 and 50% of the rainfall along the Northwest coast of Mexico, and can contribute as much as 10% to the seasonal rainfall in the western interior locations in the states of Sonora, Chihuahua, Durango and Sinaloa, particularly during September and October, coincident with the end retreat of the North American Monsoon. TC contributions to the monthly rainfall maximise during September, over the west coast of Mexico, the centre of Mexico and the Baja California Peninsula, contributing to the latter to more than 60% of the total monthly rainfall, the largest fractional contribution of TCs over the entire domain. The high percentage contribution over Baja California is exaggerated by the low mean rainfall in the region, which is generally less during boreal summer than winter, and very low compared with other continental areas of the domain of study. In cases like Hurricane Jimena in 2009, the contribution can be more than 90% of the monthly rainfall over a large portion of the peninsula. The large-scale flow pattern necessary to turn the storms northward toward Northwest Mexico is much more likely at the end of the TC season in boreal autumn (Corbosiero et al. 2009 ). Another factor that favours development of TCs is the increase of the monthly mean SST to above 27 • C over the Gulf of California from July to October (e.g. Hall and Tippett 2017) .
Differences between TC associated monthly rainfall calculated with IBTrACS and ERA-Interm/JRA-55 reanalyses.
After estimating the contribution of TCs to precipitation using IBTrACS tracks, we now consider the same quantity by using TC tracks from the objective TC tracking method applied to ERA-Interim and JRA-55 data (described in Sect. 2.3). Figure 3 shows the differences between the monthly climatology for 1998-2016 of TC-accumulated rainfall (mm) calculated from TMPA 3B42 data, using (a) ERA-Interim and IBTrACS tracks, and (b) JRA-55 and IBT-rACS tracks.
Some agreement between the TC-associated rainfall calculated with ERA-Interim and IBTrACS tracks is found over the North Atlantic at the beginning of the TC season. The differences get larger as the season progresses, reaching monthly differences ( ± 50 mm ) over the Caribbean Sea and the Gulf of Mexico. Throughout the season, a dipole of differences develops over the Eastern Pacific basin and Central America, with larger values in ERA-Interim in the south of the domain (with up to 100 mm per month), and larger values in IBTrACS further north in the basin (mainly up to 50 mm month −1 , located northwards 10 • N ). Most of the negative differences are found over land, varying in location and rate each month, being larger over the west and east Mexican coasts by September. Slight reductions of TC-related rainfall (about 15 mm month −1 ) using JRA-55 tracks relative to IBTrACS are found over the Caribbean Sea throughout the TC season. The largest positive differences (25-150 mm) are found over Central America and the Eastern Pacific next to the southwest Mexican coast, collocated with the Eastern Pacific warm pool. Important reductions in JRA-55 relative to IBTrACS are found each month throughout the TC season over Middle America and the Southeast of the US., being more noticeable during September in the west and east coast of Mexico. The reductions are up to 50 mm and are widespread from the coast to inland, especially in Central Mexico, along the Gulf of Tehuantepec and the Gulf of Mexico. However, the two estimates largely agree over the North Atlantic Ocean basin, where the differences during May and August are within ± 15 mm, with a minimum along the US southeast and the western Mexico coasts during June and September, respectively, and a maximum during October over the Gulf of Mexico and Central America. In general, the TC-associated rainfall calculated with JRA-55 tracks agrees more closely with IBTrACS than that calculated with ERA-Interim tracks; in both cases, the climatology obtained with the reanalyses tracks show lower TC contributions to rainfall over the continent, especially over the coasts and Central Mexico. These differences are discussed in Sect. 4.
Contribution of tropical cyclones to the extreme rainfall over Middle America
TCs are related to episodes of heavy rainfall, causing severe damages and losses. We examine the seasonal contributions of TCs to amounts and frequency of extreme rainfall (Fig. 4) over Middle America during July, August, September, and October (JASO), based on TC tracks from IBTrACS and on the 95th percentile of daily rainfall of each month during 1998-2016, calculated from TMPA 3B42 rainfall estimations. The percentage of amount of TC extreme rainfall represents the daily TC accumulated extreme rainfall relative to the total accumulated rainfall of all the extreme events; the percentage of frequency of TC extreme rainfall represents the events of extreme rainfall related to TCs relative to all the extreme rainfall events. During JASO, the highest contributions of TCs to the extreme rainfall amounts and frequencies over the continent are found over a large area of the Baja California Peninsula, followed by the west coast of Mexico, and much of the Gulf Coastal Plain. The relative values of the contributions of TCs to extreme rainfall amount and frequency define regions where the TC-related extreme rainfall is heavier than extreme rainfall from systems unrelated to TCs: larger values of amount than frequency indicate that TC-related extreme rainfall, per event, is heavier than non-TC extreme rainfall, per event. For example, this occurs over the Baja California Peninsula, part of the northwest of Mexico, and along the Gulf Coast of the United States, where the amount TCrelated extreme rainfall exceeds the frequency by more than 10%.
To further examine the seasonal cycle of the TC contribution to the regional extreme rainfall, we examine the monthly contributions of TCs to extreme rainfall amounts and frequency of extreme rainfall (Figs. 5, 6, respectively) during July, August, September and October, based on the 95th percentile of daily rainfall of each month during 1998-2016, calculated from TMPA 3B42 rainfall estimations. Observations and reanalyses show that the highest contribution of TCs to extreme rainfall occurs on the east coast of Mexico during September and October, with extreme rainfall amounts mainly between 20 and 50% of the total extreme rainfall amount (Fig. 5) . The largest inland contribution of TCs to extreme rainfall amount occurs during September over the Baja California Peninsula and the Gulf Coast of the US, with up to 60% and 50% of the extreme rainfall amount, respectively, followed by northwestern Mexico (encompassing an area that includes the states of Tamaulipas, Nuevo Leon and Coahuila) with up to 50% during July. The amount of TC-related extreme rainfall exceeds the frequency by more than 10% over much of the northeast of Mexico during July, over the Baja California Peninsula from August to October, and throughout the season over some portions of the Gulf Coast of the US, Central and Southern Mexico, Nicaragua, Honduras, and the Caribbean.
Most of the agreement between the contribution of TCs to the monthly extreme rainfall using IBTrACS and reanalysis tracks is found over the Atlantic Ocean and over the Middle America landmass, whereas some differences are found over the Pacific Ocean. The contribution of TCs to extreme rainfall amounts and frequency obtained from the reanalysis tracks is more than that obtained from IBTrACS over the some portions of the Eastern Pacific Ocean between 5 • N-10 • N.
Contribution of tropical cyclones to moisture transport over Middle America
The hydrological cycle includes processes of evaporation, condensation, precipitation, and moisture advection, which represent the means whereby water is added to or removed from the atmospheric branch. The atmospheric water vapour availability and transport play an important role in determining the climate over the continents, and are strongly linked with radiative processes (e.g. Trenberth and Fasullo 2009) , with convection and the generation of rainfall (Grabowski and Moncrieff 2004) . Of particular interest to this study is the spatial distribution of the TC-related moisture transport and its contribution to the climatological moisture transport relative to the contribution from the mean circulation over Middle America. Figure 6 represents the spatial distribution of the monthly-accumulated VIMF (arrows) and VIMF divergence (shading) by the mean circulation ( ∇⋅(vq) ) from (a) ERA-Interim and (b) JRA-55 for 1979-2016. During the TC season, strong convergence is observed over most of the Eastern Pacific, while over the North Atlantic it is confined to a band between 5 • and 10 • N ; in both basins the region of maximum VIMF convergence is associated with the Inter Tropical Convergence Zone (ITCZ) (Peixoto and Oort 1992) An analysis of the magnitude and sign of TC-related VIMF convergence shows regions where the influence of TCs becomes more relevant to the total monthly moisture transport over the domain (Fig. 7) . The contribution of TCs to moisture transport, quantified with ERA-Interim and JRA-55 ( Fig. 8a, b, respectively) , shows that monthly TC-related VIMF convergence is about an order of magnitude smaller than the VIMF divergence by the mean circulation.
In general, the TC contribution to moisture transport over the Eastern Pacific basin is larger than that over the North Atlantic basin throughout the TC season, and it has a broader spatial extent inland relative to rainfall, suggesting that TCs can affect precipitation further downstream than the 5 geodesic degree radius we specified for the quantification. Added to this, the contribution in JRA-55 is larger than in ERA-Interim possibly due to higher resolution of JRA-55 and assimilation of TC winds, sustaining stronger storms (Hodges et al. 2017) . The contribution of TCs to moisture transport is highly relevant to the summer moisture availability over the domain: the Atlantic shows a predominant VIMF divergence during the year (Fig. 7) with some exceptions throughout the TC season (Fig. 7) . Figure 9 shows in red (blue) areas where TC VIMF convergence reinforces (weakens) the moisture convergence (divergence) by the mean circulation, quantified with (a) ERA-Interim and (b) JRA-55. TCs activity widely influences the available moisture over both oceans and continent, particularly over southern and northeast Mexico, the west coast of Mexico, and the Gulf Coast of the U.S. Even more, both reanalyses show that TC-related moisture convergence has the capability to reverse the sign of the moisture divergence by the mean circulation on a monthly basis, particularly over a wide area of the Atlantic Ocean during September and October (shaded yellow areas of Fig. 9 ) when the monthly vertically integrated divergence of moisture by the mean circulation is weak.
Discussion
The motivation for this work comes from the need to quantify the climatological contribution of TCs to the atmospheric branch of the hydrological cycle over Middle America. It is important to understand the regional impact that TCs have on the seasonal water availability and in terms of extreme episodes of rainfall over Middle America, often linked with damages and losses of life. This study also contributes to a better understanding of the role of TCs in the global hydrological cycle.
An analysis of TCs contribution to monthly-accumulated rainfall and to extreme rainfall over Middle America is presented, based on TC tracks derived from observations (IBT-rACS) and from TC tracks identified by an objective feature tracking method for ERA-Interim and the JRA-55 reanalyses, using TMPA 3B42 rainfall datasets for 1998-2016. Objective tracking methods allow identifying a more complete life cycle of the TCs, including the precursor and post-extratropical transition stages (Jones et al. 2003) . This extends the observed record, assuming the reanalyses are accurate.
Distinct spatial distributions of quantified TC-related rainfall from observations and reanalyses were found: most of the discrepancies (agreements) occur over the Eastern Pacific and Central America (North Atlantic). TC contributions to rainfall quantified by reanalysis tracks over the Eastern Pacific (equatorward of 15 • N ) show a larger monthly contribution compared with IBTrACS. This analysis indicates that TC tracks derived from reanalysis are able to capture the activity of precursors of TCs over the Eastern Pacific basin, and area of active generation of easterly waves (Ferreira and Schubert 1997; Serra et al. 2008; (Belanger et al. 2016; Agudelo et al. 2011 ). The differences found over continental Mexico are mainly attributed to discrepancies in TC tracks in proximity to the coast (corresponding to post-TC stages). Using the extended TC lifecycle criterion for the reanalyses increases the TC contribution over most of Central America, including in regions where IBTrACS has few or no TCs. In these areas, there are substantial differences in estimated TC rainfall between using IBTrACS and reanalysis tracks.
The annual number of TCs detected in reanalyses over the Atlantic and Eastern Pacific basins are in good agreement with IBTrACS (Hodges et al. 2017) . However, there are differences in the paths of the TCs identified in the reanalyses and IBTrACS, particularly for TCs that make landfall over continental Middle America (Fig. 10) . In some cases, TC tracks derived from reanalysis are not tracked in the proximity to the coastline, and consequently the effect of the TCs on rainfall near the continent is less than when using IBTrACS. There is a strong similarity between the spatial patterns of the differences from reanalyses and IBTrACS in TC track density (Fig. 10 ) and TC related rainfall (Fig. 3) . The differences in the quantification of TC-related rainfall are more noticeable over Mexico during September (Fig. 3) . According to previous studies (e.g. Xu et al. 2017; Hodges et al. 2017 ), a significant source of error could come from the representation of the TC wind field in reanalyses, affecting the frequency and lifetime of TCs. Xu et al. (2017) argue that the combined effects of underestimated wind speed and overestimating the radial extent of TCs likely result in an underestimated TC-related moisture transport. However, the observed tracks are also subject to uncertainties in the identification of weaker TCs, due the different criteria employed by the various agencies to reporting an identified TC, resulting in the exclusion of some TCs from the Best Track, as well as the fact that some tropical depressions are excluded due to a lack of wind information (Hodges et al. 2017) . Chen et al. (2013) have found that TMPA 3B42 rainfall estimations related to TCs are better represented over ocean than over land, being particularly less accurate to capture orographic features during landfalling TC episodes. The retrieval method in TMPA 3B42 is based on the Goddard Profiling Algorithm (GPROF; Kummerow et al. 2001) , which uses the contrast of the emissivity of the raindrops and the underlying surfaces to estimate rainfall rates [for further details consult Huffman et al. (2007) ]. Over the ocean, the contrast of emissivity is better captured due to the well-defined difference between the rain and surface temperatures. As emissivity is heterogeneous over complex surfaces (such as the land), the contrasts between the emission of the rain drops and the surface are more difficult to capture, which reduces the accuracy of rain estimates (e.g. Chen et al. 2013 ). These uncertainties mean that our estimations of heavy rain frequency ( > 50 mm ) of TC-related rainfall are uncertain over coastal and inland mountainous areas of Middle America.
Similar patterns and rates of TC-related extreme rainfall, quantified by using observations and reanalyses, are found. The agreement could be attributed to the fact that tracks calculated by using the objective TC identification scheme from reanalyses identify the strongest storms more accurately (e.g. Saffir-Simpson categories 4 and 5; Hodges et al. 2017) . Moreover, observed tracks of strongest storms are more certain than those of weaker storms (e.g. tropical depressions, Saffir-Simpson categories 1-3), which increases our confidence in TC-extreme rainfall computed from observed and reanalysis tracks, as extreme episodes of rainfall are more likely to be related to the strongest storms. TCs are important sources of moisture over the region, mainly during June to October. TC-related moisture convergence often extends further inland than TC-related precipitation, suggesting that TCs have a longer reach than their rainfall fields. Particularly, the Gulf of California, its continental surroundings and the North of Mexico receive moisture from TCs, which is comparable in magnitude to the amount of moisture extracted from the region by the mean circulation. More notably, the TC-associated VIMF convergence can reverse the sign of the VIMF divergence by the mean flow when the latter is weak, mainly over a big portion of the Atlantic Ocean and some continental regions during September and October.
Even though Central America experiences strong VIMF convergence during most of the year, the contribution of TCs is a non-negligible source of this moisture transport when a TC extended lifecycle criterion is considered. Added to this, the mean moisture transport over Central America is also likely related to the location and intensity of the ITCZ. TC contributions to moisture transport analyses suggest that a correct quantification relies heavily on the representation of TC tracks, and is strongly linked with the representation of the moisture flux in the reanalyses.
Conclusions
TCs are important sources of rainfall and moisture transport over Middle America, and make a substantial contribution to the amount of mean rainfall and the amount and frequency of extreme rainfall during the TC season. In this paper, a quantification of the climatology of TC-related rainfall and moisture transport over Middle America has been made, employing TC tracks from observations (IBTrACS) and twostate-of-the-art reanalyses: ERA-Interim and JRA-55. Our results show that the climatological mean rainfall contribution of TCs mainly occurs during September and October, when TCs in both the North Atlantic and Eastern Pacific are more active: TCs contribute about 10-20% of the monthlyaccumulated rainfall over the west coast of Mexico and centre of Mexico. The largest percentage of the monthly contribution over the entire Middle America domain was found in the southern Baja California Peninsula, with rates up to 60%. Our analysis suggests that a shift in East Pacific TC tracks towards the western Mexican coast from September onwards is a main factor for the high TC contribution to the accumulated rainfall over the western continental portion of Mexico. The spatial distribution of TC rainfall over Northwestern Mexico might be related with static factors such as the orography. TCs are also important sources of extreme rainfall over Mexico and the North of Central America, in some cases contributing more than 50% of the monthly extreme rainfall amount, mainly during September and October when TCs tend to make landfall more often. Most of the agreements of spatial distributions of TC-related rainfall from observations and reanalyses are found in the North Atlantic basin, and in the contributions of TCs to extreme rainfall.
Most of the contribution of TCs to moisture transport occurs over coastal and Central Mexico, and the Eastern Pacific from June to October. TCs are likely to reverse the sign of the VIMF divergence when the VIMF divergence by the mean circulation is weak, occurring mainly in a wide area of the North Atlantic, and to a lesser extent, the Eastern Pacific, the Gulf of California and Northwestern Mexico. In this study, the robustness of the analysis of the regional contribution of TCs to the hydrological cycle heavily relies on the accuracy of the representation (location and lifetime) of the TC tracks, either based on observed TC-tracks or calculated from an objective tracking method applied to reanalysis datasets, as well as on the quality of the meteorological fields (e.g. estimations of rainfall and moisture flux from reanalysis). To improve our ability to quantify TCs contribution to rainfall and moisture, an accurate representation of the pre-and post-stage of the life cycle of the cyclones is required, including inland trajectories, no matter the stage of the TC lifecycle. This quantification of TCs contribution on the atmospheric branch of the hydrological cycle over Middle America will be useful to future studies on the understanding the sub-seasonal and inter-annual variability of the regional hydrological cycle, as well as process studies that investigate the role of TCs in the hydrological cycle.
